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Abstract

:

Human embryonic stem cells (hESCs) are increasingly used in clinical trials as they can change the outcome of treatment for many human diseases. They are used as a starting material for further differentiation into specific cell types and to achieve the desirable result of the cell therapy; thus, the quality of hESCs has to be taken into account. Therefore, current good manufacturing practice (cGMP) has to be implemented in the transport of embryos, derivation of inner cell mass to xeno-free, feeder-free and defined hESC culture, and cell freezing. The in-depth characterization of hESC lines focused on safety, pluripotency, differentiation potential and genetic background has to complement this process. In this paper, we show the derivation of three clinical-grade hESC lines, MUCG01, MUCG02, and MUCG03, following these criteria. We developed and validated the system for the manufacture of xeno-free and feeder-free clinical-grade hESC lines that present high-quality starting material suitable for cell therapy according to cGMP.
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1. Introduction


Human embryonic stem cells (hESCs) have a unique ability to differentiate into any cell type in the human body and proliferate indefinitely [1]. This ability makes them excellent starting material for the manufacture of a high number of desired specific cell types, e.g., retinal pigment epithelium cells, dopaminergic neurons, or hepatic cells [2,3,4]. Despite these advantages, there is still ethical controversy when a human blastocyst is used for hESC derivation; therefore, the derivation of hESCs is forbidden in some countries. [5,6]. In order to ensure that the ethical aspects of derivation are met, unsuitable or supernumerary human blastocysts for fertility treatments provided with informed consent are used.



Cell therapies involving hESC have shown very promising results for the treatment of certain diseases, especially age-related macular degeneration, and confirmed safety of hESC-derived cells for humans [7,8,9,10]. These results stand behind the rise of cell therapies using hESCs, as their number increased from 11 trials in 2015, followed by 32 trials in 2019 to 47 trials in 2021 [11,12,13,14]. However, the prospective clinical use of hESC-derived cells needs to be further examined from the point of their safety, quality, functionality, and efficacy.



Current good manufacturing practices (cGMP) are guidelines set in place to ensure the proper design, monitoring, and controlling of manufacturing processes, facilities, and operations. These guidelines are defined by regulatory authority, e.g., the U.S. Food and Drug Administration (FDA) for the United States of America (USA) and the European Medicines Agency (EMA) for the European Union (EU) [15,16,17]. Regarding EMA cGMP guidelines, clinical-grade hESC lines have to be established in validated clean rooms with validated equipment [15,18]. The environment monitoring must ensure that the culture is not compromised with bacteria, fungi, or viruses [19]. Whole manufacture and quality control have to be executed according to standard operating procedures (SOPs) and have to be recorded in accordance with principles of controlled documentation. Personnel has to be regularly trained, especially for principles of aseptic manufacture, SOPs concerning manufacture and quality control (QC), and gowning [15,20].



The characterization of hESCs focuses mainly on their pluripotency, differentiation potential, identity establishment, and safety. Differentiation potential, i.e., ability to differentiate into germ layers—endoderm, mesoderm, and ectoderm—differ amongst hESC cell lines [21,22,23]. Some lines fail to differentiate into one germ layer, and therefore it is necessary to evaluate their differentiation potential to distinguish the suitability of certain clinical-grade hESC lines for specific applications. The safety of clinical-grade hESCs lies in genetic background screening—karyotype establishment, cancer-predisposition testing, and whole genome sequencing are suitable methods for this purpose [19,20]. Taken together, the characterization of hESCs should provide information that helps to select a hESC line suitable for further applications of hESC-derived cells in cell therapy.



The previously published cGMP system for the establishment of clinical-grade hESCs used cGMP human feeders for the derivation of hESCs [18,24,25,26]. Although the establishment of cGMP human feeders follows strict rules and human feeders should not be antigenic, they are undefined and heterogeneous by their very nature. Fortunately, various defined xeno-free cGMP substrates can be used instead of feeder cells, e.g., laminin 521 and vitronectin [27]. The defined xeno-free cGMP culture media, freezing media and serum replacements are also available on the market. These defined cGMP products, together with the hypoxia that supports the pluripotent state of hESCs, are the basis of a high-quality clinical-grade hESC culture [17,28,29].



In this paper, we describe the cGMP system of the hESC manufacturing with the use of cGMP-defined xeno-free laminin 521 for hESC derivation and expansion together with the quality control requirements concerning the sterility, safety, and characterization of clinical-grade hESCs for further clinical use.




2. Results


2.1. Development of a System for the Manufacture and QC of Xeno-Free, Feeder-Free Clinical-Grade hESC Lines According to cGMP


To derive clinical-grade hESCs in an appropriate environment, clean rooms of Cell and Tissue Engineering Facility (CTEF) at St. Anne’s University Hospital Brno established in the Czech Republic were used. Clinical-grade hESCs were produced in an A-grade environment in a B-grade room, with entry via a C-grade room.



Before the derivation itself, the extensive testing of suitable cGMP material and procedures took place. The material was chosen based on the quality, involving primarily cGMP, IVF, and IVD products. We improved our techniques, including derivation, on 4 research-grade lines with the same settings as for the clinical-grade hESCs. Moreover, we prepared SOPs and record forms for the manufacture and QC according to the cGMP requirements for advanced therapy medicinal products (ATMPs) [15]. The personnel were trained during the testing and the equipment of the clean rooms were tailored to the purpose.



The manufacture of clinical-grade hESC lines is divided into several phases: derivation, early expansion into pre-master bank, master cell bank, and expansion into working cell bank that represents the final product (see Figure 1). Each phase is accompanied by the specific QC testing, although the safety is the main specification examined during the entire manufacturing process.




2.2. Xeno-Free and Feeder-Free Derivation and Culture of Clinical-Grade hESC Lines According to cGMP


Three clinical-grade lines, MUCG01, MUCG02, and MUCG03, were established from 38 embryos in total (see Table 1), which resulted in a 7.9% success rate. The 4 individual derivations were performed with 8–10 embryos per derivation.



E-cadherin with cGMP laminin 521 was used to support the attachment of the derived inner cell mass. Similarly, human serum albumin and ROCK inhibitor were added to the medium to improve the success of the derivation (see Table 2). Mechanical derivation using IVF micropipettes was performed in order to avoid xeno-free products.



Blastocysts used for the derivation of MUCG01, MUCG02, and MUCG03 showed no abnormalities, as shown in Figure 2A. The blastocyst for the derivation of MUCG03 was cultured for two days before transport. The morphology of cells in the outgrowth (p0) for MUCG01 and MUCG02, and the morphology of MUCG03 in p3 matched the morphology of hESCs (see Figure 2B). Colonies were flat with bright edges, and the cells in the middle of the colony were small and round with large nucleus and visible nucleoli. The cells on the edges were slightly bigger.



The culture of clinical-grade hESCs was performed in clean rooms. All operations were executed by trained personnel according to SOPs and recorded according to the controlled documentation. The cells were passaged mechanically by needle for the first three passages and then non-enzymatically in clumps by EDTA (for details see Table 3).




2.3. Characterization of the Clinical-Grade hESC Lines


The pluripotency of the clinical-grade hESC lines MUCG01, MUCG02, and MUCG03 was evaluated by immunocytochemistry and flow cytometry. Immunocytochemistry was performed during the expansion into master cell bank when all the hESC lines were positive for Oct3/4, Sox2, and Nanog markers (see Figure 3C). Flow cytometry was performed during the expansion into pre-master cell bank and again after thawing the working cell bank. The pluripotency markers were above the established limit of >70% positive cells for SSEA4, TRA-1-60, and TRA-1-81 markers at both timepoints, as shown in Table 4.



The differentiation potential of the clinical-grade hESC lines was confirmed by spontaneous differentiation. All the clinical-grade hESC lines MUCG01, MUCG02, and MUCG03 were positive for the endoderm (FOXA2, PDX1), mesoderm (α-actin, brachyury), and ectoderm (β3 Tubulin, Otx2) markers, as shown in Figure 3A.



The working cell bank was tested for after-thawing recovery by fulfilling the following criteria: >30 colonies were detected two days after thawing, >50% confluence and low differentiation was observed 5 days after thawing, and >60% viability was observed at the first after-thawing passage.




2.4. Sterility


To ensure the safety of the personnel and the potential patients, the donors of embryos were tested for HIV 1/2, hepatitis B, hepatitis C, and syphilis, before gamete procurement with negative results (see Table 5) [30].



The sterility of the derived hESCs was tested during the first two passages after derivation, and then after the thawing of pre-master cell bank, master cell bank, and working cell bank with negative results for all three lines, MUCG01, MUCG02, and MUCG03.



MUCG01, MUCG02, and MUCG03 tested negative for the presence of mycoplasma during the expansion into pre-master cell bank and after the thawing of the working cell bank.



As there are no guidelines for the endotoxin limit for hESCs, we set it to 5 EU/mL for the working cell bank based on the current literature and the European Pharmacopoeia. The endotoxin levels for all three lines, MUCG01, MUCG02, and MUCG03, were under <1 EU/mL after the thawing of the working cell bank.



The environmental monitoring was set to detect the possible occurrence of bacteria or fungi in the clean rooms in order to prevent the contamination of the hESCs. No over the limit of bacteria or fungi was detected during the manufacture of the hESC lines MUCG01, MUCG02, and MUCG03.




2.5. Genetic Characterization


The identification of hESC lines was achieved by STR markers establishment. Seventeen STR loci, in addition to the sex-determining locus, Amelogenin, were detected by an external certified laboratory. All lines, MUCG01, MUCG02, and MUCG03, have a unique STR profile that was not found in the Cellosaurus database. The results are not published to protect the identity of the donors but are available from the author.



The HLA profile was established for MUCG01, MUCG02, and MUCG03, as shown in Table 6, in order to ensure the match of these cells and the potential patients that will be involved in cell therapies using clinical-grade hESC-derived cells.



No high-risk point mutation or intragenic deletion/insertion connected to cancer predisposition was detected in the investigated genes for the hESC lines MUCG01, MUCG02, and MUCG03 by the sequence panel CZECANCA [31].



Standard karyotypes without chromosomal aberration were detected for all hESC lines MUCG01: 46,XX; MUCG02: 46,XX; and MUCG03: 46,XY (see Figure 3). It is established practice to send cells alive for karyotyping, but the legislation in some countries, including the Czech Republic, prohibits the handling of hESCs without permission. Therefore, we implemented a fixing step prior to the transport. The fixed cells can be stored at 4 °C for 2 days, which provides handling space for transport.





3. Discussion


In this paper, we describe the cGMP system of the hESC manufacturing with the use of cGMP-defined xeno-free substrate, laminin 521, for hESC derivation and expansion together with the quality control requirements concerning sterility, safety, and characterization that was validated on three clinical-grade hESC lines, MUCG01, MUCG02, and MUCG03, registered at Human Pluripotent Stem Cell Registry (hPSCreg), for further clinical use.



Laminin 521 is a xeno-free defined surface that is suitable for hESC culture and is also used for the directed differentiation of hESCs into several cell types, for example, retinal pigment epithelial cells, hepatic cells, and dopaminergic neurons [2,3,4,27]. We used it as a derivation and culture substrate based on its availability in cGMP quality before the recently published reports, where the derivation of clinical-grade hESC lines on laminin 521 was described [32,33]. Our first experiments with laminin 521 confirmed its suitability for the derivation as we were able to derive and culture four research-grade hESC lines on this surface (data not shown). The concentration of laminin 521 and the adding of E-cadherin for the derivation was adjusted based on the published article of Rodin et al. [34].



Derivation and culture conditions are undeniably the main factors that have an impact on the quality of hESCs. We chose a hypoxic environment (5% O2) for both derivation and culture, because it has been proven that hypoxia supports the pluripotency of hESCs [29]. Moreover, the embryos that were used for the derivation were cultured under hypoxia as the ESHRE guidelines also recommend a low oxygen concentration for blastocyst culture [35].



The inner cell mass of an embryo can be accessed more easily when the zona pellucida is disturbed. It can be mechanically disturbed/removed during the derivation itself, but the collapse of the blastocyst cavity is, in our experience, almost inevitable. Therefore, the disruption was performed by laser to avoid the collapse of the blastocyst cavity (and animal-derived components) at the Center of Assisted Reproduction (CAR) University Hospital Brno embryological laboratory (Brno, Czech Republic) before the transport to CTEF. We hypothesize that the disruption of the zona pellucida by laser may influence the viability of blastocysts during the transport, and therefore the disruption of zona pellucida by laser in the clean rooms would be better. We suggest the development of a system for the evaluation of the post-transport viability of embryos when the zona pellucida is disrupted before transport in comparison with embryos whose zona pellucida is disrupted at the derivation site, as it could offer interesting results that could be beneficial for future derivations of clinical-grade hESCs.



We were able to derive three clinical-grade hESC lines in the clean rooms of CTEF at St. Anne’s University Hospital Brno with a 7.9% success rate counting all 38 thawed blastocysts, even though some of them started to disintegrate after the thawing/transport. Mechanical derivation using micropipettes was performed in order to avoid the animal-derived substances (animal antibodies and guinea pig complement) that are involved in the immunosurgery of ICM [36]. Considering that success results of the hESC derivation for the mechanical isolation of inner cell mass combined with the laminin 521 surface have never been published, it is very difficult to make any comparison with other studies. However, there are papers where authors used human foreskin fibroblasts as a feeder and performed the mechanical isolation of inner cell mass in order to establish new hESC lines. Crook et al. achieved a 21% (four lines established, 19 embryos used) derivation efficiency and, with the same settings, Ström et al. achieved a 26% (five lines established, 19 embryos used) derivation efficiency [26,37]. Nevertheless, it is not clear if the total number of thawed embryos or the number of embryos that were selected for inner cell mass isolation were counted. Tannenbaum et al. reported that, from 100 embryos, 77 embryos survived the thawing, of which 34 developed into the blastocyst stage, from which 23 inner cell masses were isolated and plated onto irradiated cord WCB feeders [24]. This resulted in three hESC lines, which amounts to a 3% derivation efficiency if the total thawed embryos are counted. The efficiency of 7.9% (three lines established, 38 thawed embryos used) that we achieved might be affected by the thawing/transport conditions or laminin 521 surface, but the cause needs to be examined with more data.



The characterization strategy, safety testing, and specification criteria were based on the literature research and were in compliance with the Eudralex volume 4 [15]. The testing of adventitious viruses was planned not only for the donors but also for the final product. The derived clinical-grade hESC lines, MUCG01, MUCG02, and MUCG03, were tested for HIV1/2, HBC, HBV and syphilis before the release [30]. The testing of hereditary diseases is under consideration as it would add valuable information for further use in cell therapies. The whole genome sequencing could be also beneficial for some purposes, but the interpretation might be difficult [38].



The embryoid bodies assay was chosen for the confirmation of the germ layers’ formation. We considered this in vitro test sufficient and in line with the principles of the 3Rs (Replacement, Reduction, and Refinement); therefore, we see no need to use a teratoma assay that requires sacrificing mice [39]. Directed differentiation could also be beneficial, especially in cases where the facility knows about the use of clinical-grade hESCs and can confirm the differentiation into specific cell types, e.g., retinal pigment epithelium cells, dopaminergic neurons, or hepatic cells [2,3,4]. Our future plans include the differentiation of the MUCG01, MUCG02, and MUCG03 lines into retinal pigment epithelium cells for the cell therapy of age-related macular degeneration. Therefore, their potential to differentiate into ectoderm, tested by the embryoid bodies assay, is a crucial selection parameter for following the directed differentiation experiments.



As the use of clinical-grade hESCs is increasing, there should be an emphasis placed on quality and safety. We suggest that other cGMP substrates and media be tested and the impact on the differentiation and pluripotency potential of hESCs evaluated. Finally, we find the establishment of international characterization and safety criteria for clinical-grade hESCs, together with specific characterization methods for hESC-derived cells used in cell therapies, most important [40].




4. Materials and Methods


4.1. Donor Testing


Both embryo donors were tested according to the CAR University Hospital Brno embryological laboratory (Brno, Czech Republic) procedures for the presence of HIV1/2, hepatitis B, hepatitis C, and syphilis with negative results.




4.2. Preparation and Transport of Embryos


Embryos were thawed using Warm Cleave or Warm Blast media (Vitrolife) at the CAR University Hospital Brno embryological laboratory (Brno, Czech Republic), a day or two days (according to frozen stages) before the transport. For lower embryo stages, the cultivation to the blastocyst stage in Blastocyst Medium (COOK) were performed. After reaching the blastocyst stage, the disruption of the zona pellucida was executed using a laser (OCTAX NaviLase). Prepared embryos in the hatched blastocyst stage were transferred to the Sydney IVF gamete buffer medium (COOK) and transported to the clean rooms of the Cell and Tissue Engineering Facility (CTEF, FNUSA-ICRC) using a temperature-controlled transport incubator at 37 °C (ICT-P portable incubator, Falc).




4.3. Derivation


The derivation was performed immediately after receiving the embryos at CTEF. Each embryo was added by 100 µL pipette into the well of a 4-well dish (Thermofisher Scientific, San Jose, CA, USA) containing warm Sydney IVF gamete buffer medium on a stereomicroscope plate heated on 37 °C. Then, the embryo was transferred into a drop of the Sydney IVF gamete buffer medium (COOK) covered in the Sydney IVF culture oil (COOK) by denuding micropipette (cat. 005-300-A, Microtech IVF, Czech Republic). Each embryo was manipulated separately using biopsy (cat. 004-35-30A, Microtech IVF, Czech Republic) and holding micropipettes (cat. 001-120-30H, Microtech IVF, Czech Republic). The inner cell mass was sucked into the biopsy micropipette and placed in parallel with the holding micropipette with a small overlap to allow the inner cell mass to be mechanically biopsied with a fast swing (video published previously [41]). The inner cell mass was manipulated by denuding micropipette (cat. 005-150-C, Microtech IVF, Czech Republic) and placed into one well of a 4-well dish coated with 16.6 µg/mL (2.6 µg/cm2) Biolaminin 521 CTG (BioLamina) and 1.7 µg/mL (0.27 µg/cm2) E-cadherin (R&D Systems), and covered with a NutriStem® hPSC XF Medium (Biological Industries, Beit-Haemek, Israel), containing 20 mg/mL human serum albumin (Vitrolife) and 10 µM ROCK inhibitor (Y27632, GMP, Bio-techne). The microscope plates remained heated at 37 °C during the entire derivation process.




4.4. Culture Conditions


The derived hESCs were cultured under hypoxic culture conditions (5% O2, 5% CO2, 37 °C) in a NutriStem® hPSC XF Medium (Biological Industries) with a daily medium change. The cells were passaged mechanically by an insulin syringe (B.Braun) and cultured on 16.6 µg/mL (1.9 µg/cm2) Biolaminin 521 CTG (BioLamina) with 1.7 µg/mL (0.27 µg/cm2) E-cadherin for the first three passages when colonies reached sufficient size. Then, the non-enzymatic passaging by 0.5mM EDTA was performed when the cells reached 70% confluence. The cells were exposed to 10 µM ROCK inhibitor (Y27632, GMP, Bio-techne) 1 h before and 24 h after passage. After an one-hour ROCK inhibitor treatment, the cells were rinsed with phosphate-buffered saline (PBS, Gibco), dissociated by 0.5mM EDTA (Invitrogen) in clumps, and placed on 10.0 µg/mL (1.1 µg/cm2) Biolaminin 521 CTG (BioLamina). The media change and cell culture evaluation were conducted by a trained staff member on a daily basis.




4.5. Freezing


The cells were rinsed with phosphate-buffered saline (PBS, Gibco), non-enzymatically passaged by 0.5 mM of EDTA (Invitrogen), and spined for 4 min/300 g. Cells (0.5 × 106/mL) were resuspended in cold freezing medium consisting of 65% NutriStem® hPSC XF Medium (Biological Industries), 25% CTS Knockout SR XenoFree Medium (Gibco), and 10% CryoSure-DMSO (WAK chemie) supplemented with 10 µM ROCK inhibitor and frozen in cryotubes (Nunc) placed in Corning CoolCell Freezing container at the rate of -1 °C/minute in −80°C freezer. Cryotubes were moved to nitrogen vapors (− 196 °C) after 24 h.




4.6. Mycoplasma Testing


The hESCs were allowed to grow until they reached 70% confluence, and then the medium change was stopped and, after two days, the medium was collected for testing. Samples were sent to Generi Biotech (Generi Biotech, Hradec Kralove, Czech Republic) where they were tested for mycoplasma by polymerase chain reaction (PCR).




4.7. Environmental and Personnel Monitoring


The daily environmental monitoring consisted of 2 settle plates (Tryptic Soy Agar-ICR 30mL, cat: 1460010120, Merck) placed in the laminar box, one settle plate in the B-grade room and another two settle plates in the C-grade room. The number of settle plates was set based on the risk analysis.



Airborne particles were measured continuously in the laminar box (A-grade) and the B-grade room by build-in particle counters and in the C-grade room by two APC ErgoTouch Pro 2 particle counters.



In addition to environmental monitoring, the monitoring of personnel was established by the finger dub imprints into plates (TSA with LTHTh-ICR 30mL, cat: 1460690120, Merck) after the manufacture on a daily basis and mask and gown imprints into plates (Tr. Soy Cont. A with LTHTh-ICR, cat: 1462310200, Merck) on a weekly basis.




4.8. Endotoxin Testing


The medium for the endotoxin testing was collected at 70% confluence of the culture. Samples were placed in −20 °C until they were sent to ITEST plus (Hradec Kralove, Czech Republic) for the endotoxin level establishment by the LAL test.




4.9. HLA Analysis


DNA was isolated using a QIAamp DNA blood mini kit (Qiagen). The HLA profile for Class I (HLA-A, -B, -C) and Class II (HLA-DR, -DQ) of the hESC lines was established by PCR-SSP by Department of Transfusion and Tissue Medicine, University Hospital Brno (Brno, Czech Republic).




4.10. After-Thawing Recovery


Cell attachment was examined 2 days after thawing by number of colonies. Growth was assessed by change in confluency between day 2 and 5 after thawing. The cells were counted, and the viability was measured during the first passage after thawing by cell counter Countess III.




4.11. Sterility


The sterility for the hESC lines during the culture and for the final product was tested in a culture medium after 24 h incubation with cells by the Laboratories of the Institute for Microbiology, St. Anne’s University Brno (Brno, Czech Republic), according to the Czech Pharmacopoeia 2.6.1.




4.12. Cancer Predisposition Sequencing


The cancer predisposition mutations for the hESC lines were established by CZECANCA sequencing panel targeting 219 cancer susceptibility genes. In addition to more than 50 clinically important high- and moderate-penetrance susceptibility genes, the panel also targets less common candidate genes with uncertain clinical relevance [31]. The following genes were involved: AIP; ALK; APC; APEX1; ATM; ATMIN; ATR; ATRIP; AURKA; AXIN1; BABAM1; BAP1; BARD1; BLM; BMPR1A; BRAP; BRCA1; BRCA2; BRCC3; BRE; BRIP1; BUB1B; C11orf30; C19orf40; casp8; CCND1; CDC73; CDH1; CDK4; CDKN1B; CDKN1C; CDKN2A; CEBPA; CEP57; CLSPN; CSNK1D; CSNK1E; CWF19L2; CYLD; DCLRE1C; DDB2; DHFR; DICER1; DIS3L2; DMBT1;DMC1; DNAJC21; DPYD; EGFR; EPCAM; EPHX1; ERCC1; ERCC2; ERCC3; ERCC4; ERCC5; ERCC6; ESR1; ESR2; EXO1; EXT1; EXT2; EYA2; EZH2; FAM175A; FAM175B; FAN1; FANCA; FANCB; FANCC; FANCD2; FANCE; FANCF; FANCG; FANCI; FANCL; FANCM; FBXW7; FH; FLCN; GADD45A; GATA2; GPC3; GRB7; HELQ; HNF1A; HOXB13; HRAS; HUS1; CHEK1; CHEK2; KAT5; KCNJ5; KIT; LIG1; LIG3; LIG4; LMO1; LRIG1; MAX; MCPH1; MDC1; MDM2; MDM4; MEN1; MET; MGMT; MLH1; MLH3; MMP8; MPL; MRE11A; MSH2; MSH3; MSH5; MSH6; MSR1; MUS81; MUTYH; NAT1; NBN; NCAM1; NELFB; NF1; NF2; NFKBIZ; NHEJ1; NSD1; OGG1; PALB2; PARP1; PCNA; PHB; PHOX2B; PIK3CG; PLA2G2A; PMS1; PMS2; POLB; POLD1; POLE; PPM1D; PREX2; PRF1; PRKAR1A; PRKDC; PTEN; PTCH1; PTTG2; RAD1; RAD17; RAD18; RAD23B; RAD50; RAD51; RAD51AP1; RAD51B; RAD51C; RAD51D; RAD52; RAD54B; RAD54L; RAD9A; RB1; RBBP8; RECQL; RECQL4; RECQL5; RET; RFC1; RFC2; RFC4; RHBDF2; RNF146; RNF168; RNF8; RPA1; RUNX1; SBDS; SDHA; SDHAF2; SDHB; SDHC; SDHD; SETBP1; SETX; SHPRH; SLX4; SMAD4; SMARCA4; SMARCB1; SMARCE1; STK11; SUFU; TCL1A; TELO2; TERF2; TERT; TLR2; TLR4; TMEM127; TOPBP1; TP53; TP53BP1; TSC1; TSC2; TSHR; UBE2A; UBE2B; UBE2I; UBE2V2; UBE4B; UIMC1; VHL; WRN; WT1; XPA; XPC; XRCC1; XRCC2; XRCC3; XRCC4; XRCC5; XRCC6; ZNF350; ZNF365. The sequencing and analysis were performed by Department of Cancer Epidemiology and Genetics, Masaryk Memorial Cancer Institute Brno (Brno, Czech Republic).




4.13. Flow Cytometry


The collected cells were washed in phosphate-buffered saline (PBS, Gibco), resuspended in a PBS/EDTA (Invitrogen)/bovine serum albumin (BSA, Pan Biotech) solution, and incubated with antibodies for 10 min at 4 °C, after which the cells were rinsed with PBS, spun for 4 min/300 g, resuspended in PBS, and analyzed by a CytoFLEX flow cytometer (Beckman Coulter). The antibodies used were: human anti-TRA-1-60-PE, 1:75 (cat: 130-122-914, Miltenyi Biotec), human anti-SSEA-4-PE, 1:150 (cat: 130-122-914, Miltenyi Biotec), and human anti-TRA-1-81-APC, 1:90 (cat: 17-8883-42, Thermo Fisher Scientific, San Jose, CA, USA).




4.14. Cell Differentiation


Differentiation to the three germ layers was supported by the medium: DMEM/F12 (Gibco), 15% knockout-serum replacement (Gibco), 1% non-essential amino acids (Sigma), 1% Glutamax (Gibco), 1% ZellShield (Minerva Biolabs), and 0.2% 2-Mercaptoethanol (Gibco). The cells were passaged in a low attachment 96-well dish (20 × 103 cells/well) and cultured for 1 week until embryoid bodies were formed. The embryoid bodies were then transferred to 4-well dishes coated with 10.0 µg/mL Biolaminin 521 CTG (BioLamina), where they were allowed to attach and culture for another 14 days.




4.15. Immunocytochemistry


The cells were fixed with cold 4% paraformaldehyde (Sigma) for 20 min, permeabilized with 0.2% Triton X (Sigma) for 30 min, and blocked in 2.5% BSA (Pan Biotech) in PBS (Gibco) with 0.1% Tween 20 (Sigma) for 1 h. The fixed cells were treated with primary antibodies overnight at 4 °C. The primary antibodies used were: mouse anti-Oct3/4, 1:200 (cat: sc-5279, Santa Cruz Biotechnology, Dallas, TX, USA), rabbit anti-Nanog, 1:200 (cat: 4903, Cell Signaling Technology), mouse anti-Sox2, 1:100 (cat: MAB2018, R&D Systems), mouse anti-α-actin, 1:200 (cat: sc-130616, Santa Cruz Biotechnology), goat anti-FOXA2, 1:200 (cat: AF2400, R&D Systems), mouse anti-β3 Tubulin, 1:200 (cat: sc-850005, Santa Cruz Biotechnology), goat anti-PDX1, 1:17 (cat: AF2419, R&D Systems), rabbit anti-brachyury, 1:200 (cat: sc-20109, Santa Cruz Biotechnology), mouse anti-Otx2, 1:200 (cat: sc-514195, Santa Cruz Biotechnology). Then, secondary antibodies were added for 1 h. The secondary antibodies used were: anti-mouse Alexa 555, 1:500 (cat: 4409, Cell Signaling Technology), anti-rabbit Alexa 488, 1:500 (cat: 4412, Cell Signaling Technology, Danvers, MA, USA), donkey anti-goat NL557, 1:500 (cat: 4412, Cell Signaling). The stained cells were treated with 1 µg/mL DAPI (4′,6-diamidino-2-phenylindole) and observed under a fluorescence microscope. Acquiarium software (v2012-06-12, Faculty of Informatics, Masaryk University) was used to acquire the images.




4.16. Karyotyping


The cells were mitotically arrested in their logarithmic phase by adding 0.4 μg/mL KaryoMAX™ Colcemid™ Solution (Thermofisher) and subsequently incubated for 2 h under standard culture conditions (5% CO2, 37 °C). Following the detachment of cells with TrypLe express and a 25 min treatment with the hypotonic solution (DMEM/F12 with demineralized water in ratio 1:3), the cells were fixed with 4 °C methanol and acetic acid (3:1). A karyotype analysis was performed by the Cytogenetic Laboratory Brno (Brno, Czech Republic) with Giemsa-banding and microscopic examination. At least 40 metaphase spreads/samples were analyzed at a resolution of 450–500 bands/haploid set.




4.17. STR Analysis


DNA was isolated using a QIAamp DNA blood mini kit (Qiagen). Seventeen STR loci, in addition to the sex-determining locus, Amelogenin, were amplified and assessed by Generi Biotech (Hradec Kralove, Czech Republic).





5. Conclusions


In conclusion, we established a cGMP-defined xeno-free and feeder-free system for the derivation, culture, and banking of clinical-grade hESC lines that are suitable for preclinical and clinical trials. Following quality control testing with criteria concerned with sterility, safety, and characterization according to cGMP ensures the clinical-grade quality of the hESC lines.



The established procedures were validated on three clinical-grade hESC lines, MUCG01, MUCG02, and MUCG03, which were manufactured aseptically in clean rooms according to EMA cGMP guidelines. The clinical-grade hESC lines MUCG01, MUCG02, and MUCG03 have a high level of pluripotency markers, the capacity to differentiate into all three germ layers, standard karyotypes, and no detected mutations connected to cancer predisposition, which make them excellent starting material for preclinical testing and cell therapy.
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Figure 1. Manufacture scheme: banking of pre-master cell bank, master cell bank, and working cell bank. 
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Figure 2. (A) Blastocysts used for the derivation of clinical-grade hESC lines MUCG01, MUCG02 and MUCG03. Blastocyst for the derivation of MUCG03 was cultured for two days before transport; the first picture is after the thawing and the second picture before the transport. (B) The morphology of clinical-grade hESC line MUCG01 was captured in p0, MUCG02 in p0, and MUCG03 in p3. 
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Figure 3. (A) Differentiation markers for the endoderm (FOXA2, PDX1), mesoderm (α-actin, brachyury), and ectoderm (β3 Tubulin, Otx2) were detected for the MUCG01, MUCG02, and MUCG03 clinical-grade hESC lines by immunocytochemistry. (B) Standard karyotypes without chromosomal aberration were detected for all hESC lines MUCG01: 46,XX; MUCG02: 46,XX; and MUCG03: 46,XY. (C) Pluripotency markers Oct3/4, Sox2, and Nanog were detected for the MUCG01, MUCG02, and MUCG03 clinical-grade hESC lines by immunocytochemistry. 
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Table 1. Overview of the derivations of the clinical-grade hESC lines.
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	Derivation No.
	Number of Embryos 1
	Clinical-Grade hESC Lines





	1
	8
	2



	2
	10
	1



	3
	10
	0



	4
	10
	0



	4
	38
	3







1 All transported embryos were involved even though some of them started to disintegrate after the thawing/transport.
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Table 2. Overview of the embryo stage and derivation conditions for the hESC lines MUCG01, MUCG02, and MUCG03.
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Conditions






	
Embryo stage

	
MUCG01: hatching blastocyst




	
MUCG02: blastocyst




	
MUCG03: hatching blastocyst




	
Derivation conditions

	
37 °C, 5% CO2, and 5% O2




	
Derivation medium

	
NutriStem hPSC XF medium containing 20 mg/mL human serum albumin and 10 µM ROCK inhibitor




	
Derivation substrate

	
16.6 µg/mL (2.6 µg/cm2) Biolaminin 521 CTG and 1.7 µg/mL (0.27 µg/cm2) E-cadherin
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Table 3. Overview of the culture conditions, medium, passage, and freezing for the hESC lines MUCG01, MUCG02, and MUCG03.
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Conditions






	
Culture conditions

	
37 °C, 5% CO2 and 5% O2




	
Culture medium

	
NutriStem hPSC XF Medium




	
Substrate

	
p0–p3: 16.6 µg/mL (1.9 µg/cm2) Biolaminin 521 CTG and 1.7 µg/mL (0.27 µg/cm2) E-cadherin

>p3: 10.0 µg/mL (1.1 µg/cm2) Biolaminin 521 CTG




	
Passage

	
ROCK inhibitor 1 h before and 24 h after passage




	
p0–p3: mechanical passage

>p3: 0.5mM EDTA passage, 1:10




	
Freezing medium

	
65% NutriStem hPSC XF Medium, 25% CTS Knockout SR XenoFree Medium, 10% CryoSure-DMSO, and 10 µM ROCK inhibitor




	
Number of frozen cells

	
0.5 × 106 cells/mL in cryotube
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Table 4. Flow cytometry results for the hESC lines MUCG01, MUCG02, and MUCG03. PMCB, pre-master cell bank; WCB, working cell bank.
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Title 1

	
Expansion into PMCB

	
WCB






	
MUCG01

	
100.00% SSEA4+

	
99.97% SSEA4+




	
98.89% TRA-1-60+

	
93.37% TRA-1-60+




	
96.75% TRA-1-81+

	
99.00% TRA-1-81+




	
MUCG02

	
100.00% SSEA4+

	
99.77% SSEA4+




	
97.79% TRA-1-60+

	
94.10% TRA-1-60+




	
93.47% TRA-1-81+

	
98.81% TRA-1-81+




	
MUCG03

	
100.00% SSEA4+

	
99.96% SSEA4+




	
97.97% TRA-1-60+

	
77.13% TRA-1-60+




	
90.90% TRA-1-81+

	
97.89% TRA-1-81+











[image: Table] 





Table 5. Overview of the sterility tests for the hESC lines MUCG01, MUCG02, and MUCG03. PMCB, pre-master cell bank; MCB, master cell bank; WCB, working cell bank.
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	Test
	Stage
	Result 1





	HIV 1/2, hepatitis B, hepatitis C and syphilis
	donor testing
	negative



	sterility
	derivation, PMCB, MCB, WCB
	negative



	mycoplasma
	derivation, WCB
	negative



	endotoxin
	WCB
	<1 EU/mL



	environmental monitoring
	during the manufacture
	under the limit 2



	personnel monitoring
	during the manufacture
	under the limit 2







1 For the hESC lines MUCG01, MUCG02, and MUCG03. 2 Based on EudraLex Volume 4 Guidelines on Good Manufacturing Practice specific to Advanced Therapy Medicinal Products.
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Table 6. HLA profile of the hESC lines MUCG01, MUCG02, and MUCG03.
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	hESC Line
	HLA Profile





	MUCG01
	A*02; B*15, *44; C*03, 07; DRB1*04, *16; DQB1*03, *05



	MUCG02
	A*02; *32; B*15, *40; C*02, 07; DRB1*04, *11; DQB1*03



	MUCG03
	A*01; *24; B*08, *58; C*07; DRB1*03, *08; DQB1*02, *04
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